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Experimental nd pathologic observations have established the 
severity of wall injury as the primary determinant of occlusive 
thrombus formation in patients with acute coronary syndromes 
(unstable angina, myocardial infarction and sudden death) 
(l-6). Other in vitro and ex vivo (7,s) studies have demon- 
strated that flow conditions are also a contributing factor to 
qualitative and quantitative d position of platelets on surfaces+ 
Folts et al. (9,lO) developed awell known in vivo animal model 
From the Policlinica Miramat, Palma de Mallorca, Spain; *Likoff Cardio- 
vascular Institute, Hahncmann University, Philadelphia, Pennsylvania; ICardiac 
Unit, Massachusetts General Hospital, Boston, Massachusetts; #Mount Sinai 
Medical Center, New York, New York; and $Cardiovascular Research Center, 
Consejo Superior De lnvestigaciones Cientificas-H. Sant Pau, Barcelona, Spain. 
Dr. Merino was the recipient of a Young Investigator Award from the New York 
Cardiological Society, New York, New York for the present research and a 
National Institutes of Health (Bethesda. Maryland)-Fogarty International Fcl- 
lowship Award for Postdoctoral Training at Mount Sinai Medical Center (New 
York), where the experimental work was performed. This work was supported in 
part by Grants HL-39840 and HL-38933, National Hearl, Lung, and Blood 
Institute, National Institutes of Health, Bethesda, Maryland and by Grant 
SAL-91-0733 and FIS Grant 9210114, Madrid, Spain. 
Manuscript received May 11, 1992; revised manuscript received April 25, 
1994, accepted May 2, 1994. 
Address for correspoti: Dr. Lina Badimon, Department of Molecular 
Pathology and Therapeutics, CID-CSIC, Jordi Girona, 18-26 08034 Barcelona, 
Spain. 
61994 by the American College of Cardiology 
lead to moraB thrombosis witbolnt 
en deep arterial injury occurs u 
that was used to study the influence of wall damage and 
stenosis on thrombus formation, indirectly measured as an 
interruption of arterial blood flow. More recently, our group 
(11,12) developed a porcine model with controlled carotid 
injury in which platelet deposition can be quantified. However, 
the present understanding of the influence of vascular and 
rheologic factors in arterial thrombosis n in vivo conditions is 
limited. The aim of this tudy was to determine the influence of 
progressive degrees of stenosis on platelet deposition onto the 
severely damaged vessel wall. Therefore, a model was devel- 
oped in which wall damage was reproducible, thrombus was 
quantified, and the absolute stenosis diameter was calculated. 
S 
Platelet deposition and thrombus formation were quanbi- 
fied in a canine model of arterial stenosis. Fifteen mongrel 
dogs (weight 14 to 17 kg) were used in the study, In group B 
(n = $5 wall damage to carotid arteries was produced by 
balloon angioplasty. In group II (n = 14), angioplasty was 
followed by the addition of an external ring to the damaged 
area, producing various degrees of significant s enosis. Platelet 
deposition as a result of carotid artery isolation, manipulation 
and ring placement on nondamaged arteries was evaluated by 
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Carotid lusty model. After qioplasty, the dilated 
divided i segments, each 10 mm long. In group II, an 
extemul ring WM placed in the central segment of the diluted zone. 
sham experiments, All animal procydurcs were approved by 
the institutional Review Board and followed the “Position of 
the Amc&an Heart Association on Rcscarch Animal Use” 
e Association in November 1984. 
The dogs were anesthetized with pcntobarbital 
weight), intubatcd and connected to a Harvard 
femoral artery was dissected and cannuhttcd 
with a 9F hemostatic sheath (USCI). Through a peripheral 
vein, constant heparinization was achieved (N-U/kg bolus plus 
50 U/kg per h). Under fluoroscopic guidance, an 8-mm diam- 
eter balloon (Mcditcch) was advanced into the carotid artery. 
Vessel injury was effected by five inflations to 8 atm 60 s in 
duration with a 60-s interval between intlations. In group II, 
immediately after angioplasty, a silicone ring (8 mm long, 2.0 
to 2.8mm internal diameter) was placed in the central portion 
of the dissected dilated arca (Fig. 1). producing various 
degrees of signillcunt stenosis. Carotid artcry intramural dis- 
section or rupture was present in two dogs that were cxcludcd 
front the analysis. The animals were killed 1 h after the 
carotid arteries wcrc fixed in situ with 
rmddehyde under physiologic pressure 
for snalysii Six specimens of carotid artcry were 
ght microscopy to assess the angioplasty-induced 
qpPntihh. ‘Dvcnty-four hours before the in- 
blood was drawn from a peripheral vein, and 
platelets were lab&d with indium-111 and rcinjcctcd as 
descrii elsewhere (13). Blood samples for analysis (hcparin 
units, acctivatcd partial thromboplastin time, cell count, hemat- 
ocrit and blood activity) were taken before and after hepa- 
rinization and before and after the intervention. After the 
arterial segments were disscctcd and cleaned, they wcrc di- 
vided into scgmcnts 6 to 10 mm long, and their activity was 
counted ina well gamma counter. The activity of each segment 
a number of platelets/cm2 (Fig. 2) (11,12). 
Carotid angiograms were performed before 
and after angioplasty as well as after ring placement (Figs. 3 
and 4). Amplification-corrected vessel diameters were ob- 
tained from these images. Angiographic filling defects (defined 
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re 2. Plitt&t dc~~it~)n in the curotid Xtev segm~ts spcciticd in 
I. In segment 3, platclct d s sigl~i~~~~tltiy higher in 
group II ([.36.% + 3.82 thim in group I ([8.19 C 
3-a] X lo%m’) (HIlid S for the other segments 
ktwccn groups). Plat deposition was signithntly higher in the 
angioplasty areu (agments 1 to 5) than in the pmximiil und distal 
scgmena of the carotid artery in both groups (uverag~ depusitiuns: 
(8.19 st 3.82 vs. 3.62 rf: 2S2] x Wkm’, p < 0.05). Platelet deposition was 
alsu significantly enhanced in the proximal carotid artery compared with 
the scgmcnts distal IO the uugk~plusty urcu in i~th ~FOUPS (p < 0.05). 
as an irregularly shaped abscncc of dye in the lumen of the 
artery), and complete arterial occlusions were considcrcd 
angiogri~phi~ thromhi. Proximal and distal angioplasty-related 
SP measured by lumen percent reduction. 
ic calculations. Shear rate was calculated thcorct- 
ically for laminar flow conditions in a tubular chamber (the 
carotid artery). At physiologic shear rates, blood can bc 
considered a Newtonian fluid with constant viscosity (14,15). 
The local shear rates wcrc calculated from the expression for 
shear rate given for a Newtonian fluid in tubular flow (16) 
given by the expression 
Shear rate = 32QJbOD. 
where Qa = flow, and D = internal diameter. 
Carotid blood flow was calculated from blood velocity 
assessed by continuous Doppler (17). Carotid blood velocity 
measurements were performed immediately after the proce- 
dure in a subset of dogs. The values obtained corresponded to 
an average blood flow -100 mllmin. This value matched the 
basal carotid blood flow of dogs of similar weight range 
obtained by a validated, more sophisticated Doppler technique 
(18,19). Therefore, we used the value 100 ml/min as the 
average carotid blood flow to calculate local shear rate. Vessel 
diameter was obtained from corrected angiographic images, 
and the flow channel was assumed to be rigid. Flow in the 
carotid artery is pulsatile, with an instantaneous flow rate 
varying during the cardiac cycle. The flow during systole 
accelerates to a rate of -2.5 times its mean value, followed by 
a deceleration after which two small flow pulses occur, and a 
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Fiure 3. Angiographic sequence of the technique: u, carotid artery 
before angioplasty; b, inflated balloon; c, carotid artery after angio- 
plasty (cxamplc of a group I artery); d, carotid angiography of a group 
II artery. 
steady flow gradually develops toward the end of the diastolic 
phase (20). The flow profile is characterized by adimensionless 
variable, the Reynolds number (Re) (ratio f inertial to viscous 
forces), as follows: 
Re = DU,,p/v, 
where D = diameter; Vu = cross-sectional andtemporal mean 
value of the velocity; v = kinematic viscosity; and p = blood 
density. 
The average diameter ofthe carotid artery in our group of
dogs measured in vivo by angiography was 4.06 mm, whereas 
the mean flow (Q,) was -1.67 ml/s. Assuming a kinematic 
viscosity of3.5 X 10 m% and a density of 1 g/cm, the mean 
Reynolds number is -150 and varies from -105 to 390; 
therefore, laminar flow can be assumed. The flow in the 
common carotid artery is assumed to be fully developed ata 
few diameters upstream ofthe flow divider, where our exper- 
imental intervention was performed (Fig. 3 and 4). 
At the stenotic narrowing, with an average r sidual diame- 
ter of 1.54 mm and assuming constant flow, the mean Reynolds 
Figure 4. The same angiographic sequence of the technique as shown 
in Figure 3 (a to c); d. complctc occlusion of an artery with severe 
stenosis. 
number isI -400, with a range up to 1,000. Turbulence d velops 
at Re > 2,000; therefore, we may assume that here is laminar 
flow t:p LO a residual diameter of -0.4 mm (-80% diameter 
stenosis), when Re increases to -1,800. The entrance length 
(L, = 0.015D Re) at the stenostic narrowing is -1.06 mm. 
Because of the g-mm length of the external silicone ring 
(stenotic narrowing), we have fully developed flow in 87% of 
the narrowing. Axial dependence analysis at the stenotic 
narrowing was not systematically performed inthis study. 
Turbulence develops atRe > 2,000, as mentioned before, 
in steady flow in a pipe, and it is probably a reasonable 
approximation f r the stenosis itself. However, downstream of 
the stenosis, in the region where the flow is separated, a 
turbulent jet could exist at a Reynolds number considerably 
<2,000. Platelet deposition was also analyzed in regions down- 
stream of the stenosis by axial sectioning of the entire carotid 
artery (Fig. 1). 
Statistical analysis. Statistical tests used included analysis 
of variance for comparison f platelet deposition between 
groups, the Fisher exact est for angiographic thrombosis 
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Table 1. General Characteristics of Both Study Groups 
Group !: Group 11: 
Damaged Wall Damaged Wall + Stenosis p 
(n = 9) (n = 14) Value 
Heparin (U) 1.55 2 0.51 1.08 t 0.55 NS 
Hematoerit 33.99 zk 4.42 3 1.92 z 6.49 NS 
APIT ratio 2.78 5 0.3 1 2.57 2 1.01 NS 
Vessel diameter (mm) 
4.11 c 0.49 4.01 2: 0.41 NS 
5.48 2 0.42 5.65 t 0.5 NS 
2.01 ?z a.4 1.94 9 0.18 NS 
ml 55.2 “’ 8.96 59.48 ?z IS.07 NS 
fI9.2 * 13.48 
mm 1.54 * 0.62 
sheur rate (w ‘) 13s 4,M)ll 
Data presented arc mean value c SD or shear ram. 
contingency tab!cs and a f test for comparison of general 
characteristics of both groups. 
Results 
he Mean heparin plasma 1evcls (U/ml), acti- 
vat rtial mboplastin time and hematocrit at the time 
of the intervention were similar in both groups. There were no 
differences in preintervention vessel diameter or in the post- 
angioplasty dilation among groups. The length of the dilated 
segment was also similar in both groups (Table I). The mean 
balloon/vessel ratio was 2.01 in group I and 1.94 in group Il. 
The ratio was always >1.25, which has been shown to produce 
severe damage in the media in previous studies (12) in the 
porcine model. Severe vessel damage was confirmed by histo- 
logic analysis. The severity and incidence of angioplasty- 
related spasm were similar in both groups, reflecting a compa 
rablc degree of balloon 
Glwp I: aevare wall no slenusisi. Shear bite con- 
&a Theoretic shca the damaged noastenotic 
carotid artery, mean diameter 5.48 mm, was - IQ3 s-r, with a 
Reynolds number of - 17Q and shear stress of -5 dynes/cm”. 
Ang@u#ry. No angiographic filling defects or complete 
seen in group 1. 
ifion. The number of platelets/cm’ deposited 
segments is detailed in Figure 2. Platelet 
deposition was higher in the segments proximal to the dilated 
sile than in those distal to it (p < 0.05). Angioplasty-damaged 
segments had an increased platelet deposition that was statis- 
tically signillcant compared with nondilated segments of the 
same artery (p -+c Q.Q5) (Fig. 2). 
P II: severe wall dam and stenosis. Sheur rate 
cwihk. Stenotic severity ranged from 50% to 92% (2.17 to 
0.3 mm). Assuming constant flow, theoretic shear rate in the 
damaged stenotic carotid artery ranged from 1,660 to 
>2&Q@l s-’ according to the various degrees of stenotic 
severity. In stenoses with residual diameter ranging from 2.17 
to I.75 nun (Re = 4QQ), shear rate was -3,QQQ set and in those 
Table 2. Augiographic Filling Defects and Total Occlusions for 
Different Degrees ofStenosis Severitv 
Lumen Diameter (mm) Stenosis* 
<1st 1.5-1.7 >1.7$ >70% <70% 
Reynolds number < 120 CO-IO5 > 130 
Angiographic thrombi 4 2 1 6 1 
No angiographii thrombi I 2 12 2 13 
*p C 0.05 for stenosis >70% versus <70%. Sp < 0.01 for stenosis >1.7 
versus el.5 mm. $p C 0.05 for stenosis >1.7 versus Cl.7 mm. Four (80%) of 5 
arteries with 1.5.mm diameter had thromhi compared with 1 (8%) of I3 arteries 
with >1.7-mm diameter (p < 0.01). 
ranging from 1.5 to 1.6 mm (Re = 47Q), shear rate was 
-5,QQQ s”-I. In residual diameters of 1.1 to 0.4 mm, the 
Reynolds number ranges from 
diameters eQ.4 mm (there was only one case with a filling 
defect), the Reynolds number ilpp~oximates the limits for the 
assumption of laminar fow and may become turbulent. 
All these theoretic calculations assume no change in flow 
fluctuation, wall motion or blood flow pulsatility and are 
basically approximations indicative of modification in rheo- 
logic conditions in the area of interest. Actual flow profile 
measurements will be necessary to calculate real values of 
shear rate. 
AngiogroCll~. Angiographic thrombi were seen in seven 
arteries in group II, compared with none in group I (p =Z 0.05). 
Four arteries had filling defects, and three had complete 
obstruction (Fig. 3 and 4). 
When stenosis severity and shear rate in arteries of both 
groups with angiographic thrombi were compared with those 
without them, an absolute stenosis diameter cl.5 to 1.6 mm 
(corresponding to a shear rate of -5,QQQ s- ‘) was significantly 
associated with thrombus formation. In our dog model, this 
absolute diameter stenosis corresponded to a 70% diameter 
reduction (Table 2). The mean diameter of the vessels was 
I.113 f 0.61 mm (76.7% diameter reduction) in those with 
angiographic filling defects or total occlusion and 3.9 2 
0.4s mm (26.7% diameter reduction) in those without them 
(p < 0.05). No differences were observed in postangioplasty 
spasm severity between the two groups, reflecting a similar 
degree of vessel stretching. 
Plu~e~cr &posiriorr. Also in group II, platelet deposition was 
higher in the segments proximal to the dilated site than in the 
segments distal to it (p < 0.05). Segments 1, 2, 4 and 5 in 
Figure 1 had an increased platelet deposition that was statis- 
tically significant compared with nondilated segments of the 
same artery (p < 0.05). The addition of a stenosis to the dam- 
aged vessel produced about a fivefold increase in the number 
of plateletslcm’ deposited only in segment 3 (Fig. 2) (p < 
Q.QQl). 
There were no differences between groups in platelet 
deposition in the proximal and distal nondilated segments (p = 
NS) (Fig. 2). The number of platelets attached to the damaged 
segments (excluding the stenotic area) was similar in both 
groups (p = NS). As expected, a correlation was not found 
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min 
has been shown to be a 
that the number of platelets 
(11,12,21) validated these observations. 
iltheroscIer~~tic stenosis Qrod~cin~ an incrcasc in shear 
has cmcrged as au additional factor that modulates platelet 
deposition (78). Under bigb shear col~diti~~~s, ~t~l~t~ ax 
mechanically displaced to the peri~l~e~y of the vessel by 
erythrocytes (22), permitting a higher platelet-vessel wall 
interaction. In addition, glycoprotein membrane receptor 
~~IIb-IIla (responsible for platelet-to-platelet aggregation 
and thrombus buildup) seems to be more actively exposed at 
high shear rates (23-26). High shear ate conditions produced 
a threefold to fivefold increase in platelet deposition on 
deendothelialized vessel wall and type I collagen in conditions 
in vitro (1). Felts et al. (9,10), in a canine model of carotid 
arterial stenosis, demonstrated that occlusive tbrombi also 
developed at the stenosis in vivo. 
amage, no stenosis. Platelet deposition in the 
aged areas was higher than in the undamaged 
areas. Mild vessel injury (endothelial damage) caused by 
catheter passage was sociated with a significant increase in 
platelet number in the proximal, nondilated segments com- 
pared with those distal to the angioplasty site (untouched 
vessel). Platelet deposition was two times higher in the 
balloon-dilated segments than in the proximal, nondilated 
ones, reflecting angioplasty-induced wall injury. In the dilated 
areas, shear ate can be theoretically calculated to be ~400 s- ’ 
(Table 1). Although platelet deposition was increased in the 
damaged areas, none of the nonstenotic damaged arteries 
presented angiographic filling defects or complete obstruction. 
Therefore, in these low shear conditions, platelets formed a 
mural thrombus that, despite intense vascular injury, did not 
progress to occlusive thro us buildup and vessel occlusion. 
Severe wall damage stemv&z. Under the local high 
shear conditions induced by the constrictive ring, platelet 
deposition was three times higher than in nonstcnotic arteries. 
The deposition on the stenotic area was higher than in the 
adjacent nonstenotic balloon-damaged segments. Angio- 
graphic thrombi were seen in 4 and total occlusion in another 
3 of 13 arteries from group II. Therefore, stenotic onditions 
and severe vascular damage induced significant hrombus 
growth, leading to vessel occlusion in many cases (Fig. 4). 
study provides: 1) an accurate 
nlCth0d of assessing stenosis severity by in vivo augiography at
the time of angiopiasty and postmortem confirmation; 2) the 
direct determination of thrombus formation, a) qudlitativc by 
angiogr t the time of angioplasty, and bj quantitative by 
platelet ition 1 h after the procedure; 3) a reproducible 
degree of arterial damage. Therefore, more detailed informa- 
tion on the interaction between flow conditions and wall injury 
can be obtained using this model. 
The complexity of the flow fields 
in the various gcomctrics of the vascular system is notorious, 
and the flow fields are further complicated by the presence of 
athcrosclcrotic vascular disease. Some good computer modcl- 
ing and experimental studies have been reported (2%.32), but 
not much is known about either the behavior of pulsatile blood 
how in separation regions, where shear stresses are relatively 
small, or of appropriate r lations among stress, yield stress and 
rate of strain for various components that interact in the 
velocity field of the artery (27-31). Wall motion associated with 
pressure and flow pulsation is believed to be relatively small in 
plaque regions with ickened intima because of the decreased 
flexibility of the arterial wall (27), as might well be the case in 
our stenotic model with its external obstructive ring. Neverthc- 
less, the pulsatile vessel expansion has very little (1% to 3%) 
effect on fluid dymanic changes (32). 
The numeric calculations based on a two-dimensional 
analysis present some deviations from the in vivo thrce- 
dimensional situation with a more complex flow profile. 
Approximations using steady flow conditions in fully three- 
dimensional computations have shown significant variations to 
those flow characteristics obtained in two-dimensional analysis. 
The most notorious difference is the disregard in two dimen- 
sions of secondary velocity components occurring in the three- 
dimensional geometries (31). The influence of stenosis i  most 
clearly expressed in the velocity downstream of the stenosis, 
where, particularly at peak systolic flow rate, reversed flow and 
relatively high negative wall shear stresses can be found. 
The hemodynamic data of this study arc not sophisticated 
enough to exactly define biomechanically the complicated flow 
fields in and around the stenosis, with the corresponding 
computer-assisted analysis of the flow profile. Howcvcr, it is a 
worthwhile approximation toemphasize the important role of 
the local flow characteristics in the onset of a pathologic 
cardiovascular thrombotic process. Our goal was to separate 
surface-related effects from rheologic effects; damage to the 
surface was similar in the different segments, but flow condi- 
tions were different in each segment. The patterns of blood cell 
activation may be controlled significantly by abnormal flow 
conditions originating from pathologic vascular geometries. 
When an artery is constricted, it does not form a smooth 
lumen surface but tends to buckle and fold inward. This was 
actually observed in some histologic sections and may induce 
additional local microenvironmental flow disturbances. Thcre- 
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viva conditions. Our results suggest that there may be a 
fore, as a limitation, shear rate calculations assume laminar 
thrombotic shear rate threshold above which thrombus buildup 
flow in rigid conduits. 
Critical shear conditions. Previous data obtained under 
controlled conditions in an ex vivo perfusion system exposing 
tunica media as substrate showed an increase in platelet 
deposition at the stenosis site (7). In a 2-mm diameter perfu- 
sion chamber (shear rate 212 s-l), three degrees of stenosis 
were studied: 35%, 55% and 80%. Only stenoses >55% 
significantly increased platelet deposition. Our model provided 
a variety of stenosis severity ranging from 50% to 92% in in 
of Xavier Francis i!r radu;lugic imaging. 
Platelet deposition and thrombus growth are regulated by 
- 
the exposure of the components of the vessel that irreversibly 
aggregate platelets and by the cross-sectional area of the 
vessel, which determines shear conditions. Signiticant arterial 
thrombosis leading to vessel occlusion will most likely occur by 
the combination of severe wall damage and critical shear 
conditions. 
WC apprecialc Ihc expwt colldxw~~tion of Elim Mqlievsky, DVM in the 
managumat of the dogs and psr:icipotion in thr cspcrimcnts and the knwvlvledg~ 
on top of a firmly anchored mural platelet thrombus would bc 
stimulated, and vessel occlusion would likely occur. In our 
model, a stenosis with an absolute diameter < 1.5 mm pro- 
duced angiographic tilling defects or total occlusion in four of 
five cases (til%), Stenosis diamctcr bctwcoli I.5 and 1.6 mm 
rendered intermediate results. Finally, only I (8%) of 13 cases 
with arterial diameter >I.7 mm had a filling defect or total 
occlusion. Therefore, it seems that the critical shear threshold 
in our model takes place at stenoscs -1.5 to I.6 mm in 
diameter, which corresponds to a shear rate -5,000 se-‘. These 
absolute diameters col,cspond to a 65% to 70% diameter 
stenosis in our carotid artery model. Only I (7%) of I4 arteries 
with percent diameter stenosis ~70% had an angiographic 
filling defect or total occlusion, whereas 6 (75%) of 8 >70% 
presented it. An approximate extrapolation from the data of 
the canine carotid artery to a normal human coronary ztcry 
shows that with blood flow -50 ml/min, critical shear rate 
(5,000 s- ‘) will be achieved in stenosis I.2 mm in diameter with 
a 60% diameter reduction. 
Clinical implicalions. Cmhitwd cf&ct of .swm ndl itfjuty 
ml hw fbtw ott phtekl clqndh: criticid wtcrid .Wrosi.s. 
Flow and surface characteristics may operate synergistically 
and result in irrterial occlusion. if plaque damage or rupture 
occurs in low shear conditions, the result will be a mural 
thromhus and may correspond to the intraintimal-mural 
phases of the progression OF the plaque described in pathologic 
studies (5). On the contrary, if the preexisting atherosclerotic 
plaque has already narrowed the arterial lumen, the thrombus 
formed may reduce the lumen even more and increase shear 
rate over the critical level, thus permitting rapid thrombus 
gmwth and vessel occlusion (occlusive thrombosis phase [S]). 
The progressive invohement of both biochemical and mechan- 
ical factors accelerates thrombus growth, 
Serial angiographic studies performed in patients with 
acute coronaty syndromes and in thrombolysis-recanalized 
artcries have demonstrated that the primary plaque is mildly 
stenotic in most cases (33-N). Mean absolute diameter of the 
underlying plaque in these studies ranged from 1.1 to 1.32 mm, 
thus validating our theoretic thrombotic threshold (shear rate 
5.0 s-l) for a human coronary artery stenosis diameter of 
1.2 mm. Additionally, and in agreement with our data, the 
incidence of arterial occlusion was related to the severity of the 
lesion (40). Postmortem pathologic analysis of occlusive le- 
sions led to identical results (34. 
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